Abstract. The eddy current sensor method is widely used to evaluate conductive parts. The eddy current measurements are very sensitive to the variations of the sensor positioning relatively to the part under evaluation, which can disturb consequently such evaluation. The effect of the variation of the positioning of a sensor having an U-shaped magnetic core has been studied by 3-D finite element computations. The results show that the tilt and the lift-off of the sensor relatively to the part under evaluation induce similar straight lines in the normalized impedance plane. Consequently their effect can be corrected fairly thanks to a single processing. This notably allows to reduce the sensor handling during its calibration as well as the calibration time.
Introduction
The eddy current (EC) method is widely used for the nondestructive evaluation of conductive parts. This method is well known to be fast and low-cost [1] . However the EC measurements are very sensitive to a variation of the EC sensor positioning relatively to the part under evaluation. Considering a homogeneous plate to be evaluated, the positioning of the sensor toward the plate can be described in term of lift-off and tilt of the sensor. In this work, a 3-D finite element (FE) modeling is used to study the effects of lift-off and tilt on the EC measurements for an EC sensor having an U-shaped magnetic core. This type of EC sensor is useful when the creation of a locally uniform magnetic field is required for part evaluation [1] [2] [3] . This paper shows that the effects of lift-off and tilt can be corrected by a single processing of the EC measurements.
Finite element computations

Sensor-plate configuration
The EC sensor involved in this study was developed for the wall thickness evaluation of high pressure turbine blades [4, 5] . It consists of a pair of identical square coils wound around each end of an U-shaped ferrite core (Fig. 1) . The two coils are connected in opposition and driven at a a e-mail: yann.le-bihan@lgep.supelec.fr b UMR 8507 CNRS 
frequency of 10
5 Hz. The created magnetic field is then canalised between the two pole ends and shows a privileged direction. The EC measurement consists in the coil complex impedance. Since the blade wall is locally equivalent to a plate [4] , the effect of the variation of the EC sensor positioning relatively to a plate under evaluation was systematically studied by 3-D finite element (FE) computations [6] . Taking into account the symmetries of the sensor geometry, the sensor to plate positioning can be described in term of lift-off ( Fig. 1 ) and both longitudinal ( Fig. 2) and lateral (Fig. 3) tilts. FE computations were carried out considering each of these parameters.
Finite element modelling
The study was performed using a low-frequency formulation of the 3-D FE software developed by ANSYS. The chosen FE formulation combines the magnetic vector and the electric scalar potentials as degrees of freedom of hexahedral or tetrahedral mixed elements [10] . According to ferrite manufacturer data, the U-shaped magnetic core was assumed to have a relative magnetic permeability of 1100. Furthermore, it was assumed to be nonconductive in order to reduce the number of degrees of freedom of the problem and because of the low electrical conductivity of the used ferrite (0.5 (Ω m) −1 ). The considered plate material is a nickel-based superalloy which is nonmagnetic and shows an electrical conductivity of 6.5×10 5 (Ω m) −1 [7, 8] .
Measurements have shown that the electrical conductivity is practically constant from one blade sample to another [8] . Hence, the sensor impedance can be considered as depending only of the plate thickness and the sensor to plate positioning. Thanks to the symmetry planes of the different sensor-plate configurations considered, the study of the lift-off effect requires to mesh only a quarter of the analysed geometry while the studies of the effects of both tilts require to mesh a half of the analysed geometry. For example, the mesh performed for the study of the longitudinal tilt effect is shown in Figure 4 . With regard to the boundary conditions, the magnetic flux density was set parallel at the mesh boundaries, excepted in the electric symmetry plane of the sensor where the magnetic flux density was set normal [9] . Since the coils of the actual sensor show a large amount of regularly distributed turns, both coils are approximated by the arrangement of uniform distributions of excitation current density depicted in Figure 5 [3] . 
Sensor impedance calculation
The sensor impedance is expressed by
where N is the turn number of an actual coil, I is the excitation current and Φ av is the averaged value of the magnetic flux through the coil turns. In the FE modelling the coil cross-section is divided into N h identical elements along its height and into N w identical elements along its width ( Fig. 6 ) (N h = 10 and N w = 5). Φ av is then achieved by calculating the magnetic flux through the N f = (N h + 1)(N w +1) fictitious coil turns defined by the element edges orthogonal to the coil cross-section ( Fig. 6 ):
where Φ k designates the magnetic flux through the kth considered fictitious coil turn. Φ k is achieved by calculating the magnetic vector potential (A) circulation along the path of a fictitious coil turn:
the A circulation along each element edge being a computation result of the used formulation [10] . It is usual in EC evaluation to deal with the normalized impedance defined as the ratio of the sensor impedance (Z) over the sensor reactance in absence of plate under evaluation (X 0 ) [11] :
where R n and X n respectively denote the normalized resistance and reactance. The normalization allows to overcome the increase of the reactance with the frequency as well as to eliminate the coil turn number influence in the result since
Φ av0 being the average magnetic flux in either coil in absence of plate under evaluation.
Results
The FE computations were carried out for the 10 following values of plate thickness: 0.21 mm, 0.38 mm, 0.50 mm, 0.59 mm, 0.69 mm, 0.86 mm, 0.98 mm, 1.09 mm, 1.25 mm and 1.37 mm. The results obtained for each studied parameter are presented in the next subsections.
Lift-off effect
The lift-off effect was studied by carrying out FE computations for lift-off values ranging from 50 µm up to 250 µm with a 50 µm stepping (Fig. 1) . The results, given in Figure 7 for the various plate thickness considered show that the lift-off approximately induces trajectories comparable to straight lines in the normalized impedance plane (R n , X n ) where the lines were fitted using the least square method. This behaviour is frequently observed in EC evaluation and these lines are called lift-off lines [1, 11] . Consequently, considering the locus of the impedance in the normalized plane corresponding to the effect of the thickness for a reference lift-off value, the effect on the normalized impedance of a lift-off modification can be corrected thanks to a projection of the impedance result along the lift-off line to which it belongs, until reaching the thickness effect locus. One can observe that the obtained lift-off lines roughly converge at the crossing point (0, 1) ( Fig. 1 ) from which the thickness effect locus for different lift-off values are homothetics. As a consequence, the simplest lift-off effect correction consists in a projection of the impedance result along the line passing through the crossing point and the impedance result, until reaching the thickness effect locus corresponding to the reference lift-off value. According to (5), the point (0, 1) actually corresponds to the normalized impedance in absence of evaluated plate, and consequently to an infinite value of lift-off, since in this case:
The non perfect convergence, observed in Figure 7 , of the lift-off lines at the point (0, 1) indicates that for high values of lift-off the lift-off lines curve slightly before to reach this point [1] . Nevertheless for the considered EC sensor and for practical lift-off values, the lift-off effect leads to straight lift-off lines. Finally, it must be noted that a change in the value of the plate conductivity leads to a modification of the thickness locus but does not call into question the existence of lift-off lines.
Longitudinal tilt effect
The longitudinal tilt effect was studied by carrying out FE computations for a longitudinal tilt angle (Fig. 2) ranging from 0 • up to 5
• with a 1 • stepping. Results are shown in the normalized impedance plane (R n , X n ) in Figure 8 . It is noticeable that the longitudinal tilt induces variations of the normalized impedance along the lift-off lines. Further computations have shown that the similarity between lift-off effect and longitudinal tilt effect remains unmodified by a change in the plate conductivity value. As a consequence, the correction of the lift-off effect allows to correct equally the longitudinal tilt effect. 
Lateral tilt effect
The lateral tilt effect was studied by FE computations for a lateral tilt angle (Fig. 3) ranging from 0 • up to 5
• with a 1 • stepping. Sensor impedance results are shown in Figure 9 . It appears that the lateral tilt also induces variations of the normalized impedance according to the lift-off lines. Therefore, the correction of the lift-off effect allows to correct equally the lateral tilt effect.
Conclusions
The study presented in this paper shows that tilt variations as well as lift-off variations of the positioning of the U-shaped magnetic core sensor induce the same impedance trajectories in the normalized plane, as previously observed in the case of an axisymmetrical coil sensor without magnetic core [12] . Furthermore, the trajectories are comparable to straight lines. As a consequence, the correction of the lift-off effect allows to correct also both longitudinal and lateral tilt effects. This is of great practical interest in industrial context where generally each employed EC sensor is individually calibrated before utilisation thanks to experiments on reference parts. Indeed, in this instance, the correction of the positioning variability effect of an EC sensor only requires to realise measurements for a few lift-off values, in order to infer the lift-off lines, and so the lift-off effect. Both sensor handling and calibration time are then considerably reduced. Since the lift-off lines roughly go through the crossing point (0, 1), the lift-off effect correction may consist in a simple homothesis of centre the crossing point. Others more flexible and accurate processing are possible such as lift-off effect learning by neural network [4] . Nevertheless, it should be pointed out that even corrected, lift-off and tilt involve a reduction of the sensitivity of the EC measurements towards the investigated parameters of the part under evaluation (the variation range of the impedance is reduced). Therefore, the sensor positioning should be sufficiently monitored in order to achieved a reliable evaluation. The effect of the residual positioning variability on the evaluation can be then fairly corrected.
